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Sunday, February 3, 2013 75aIn eukaryotes, Rad51 protein is responsible for the recombinational repair of
double-strand DNA breaks. Rad51 monomers cooperatively assemble on
exonuclease-processed broken ends forming helical nucleo-protein filaments
that can pair with homologous regions of sister chromatids. Homologous pair-
ing allows the broken ends to be reunited in a complex but error-free repair pro-
cess. Rad51 protein has ATPase activity but its role is poorly understood, as
homologous pairing is independent of ATP hydrolysis. Here we use magnetic
tweezers and electron microscopy to investigate how changes of DNA twist
affect the structure of Rad51-DNA complexes and how ATP hydrolysis partic-
ipates in this process. We show that Rad51 protein can bind to double stranded
DNA in two different modes depending on the enforced DNA twist. The
stretching mode is observed when DNA is unwound towards a helical repeat
of 18.6 bp/turn, whereas a non-stretching mode is observed when DNA mole-
cules are not permitted to change their native helical repeat. We also show that
the two forms of complexes are interconvertible and that by enforcing changes
of DNA twist one can induce transitions between the two forms. Our observa-
tions permit a better understanding of the role of ATP hydrolysis in Rad51-
mediated homologous pairing and strand exchange.
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Repair of DNA double-stranded breaks is essential for maintaining genome in-
tegrity and is executed by homologous recombination (HR). In humans, the
core catalyst of HR is RAD51, a bacterial RecA-like ATP-dependent recombi-
nase. It forms nucleoprotein filaments around single-stranded DNA (ssDNA)
that catalyze strand exchange between regions with homologous DNA
sequences. At the RAD51 monomer-monomer interface, ATP binds, is hydro-
lyzed and dictates the structure and conformation of the filaments. Using a
combination of optical trapping and fluorescence microscopy, we have studied
how modifications in the monomer-monomer interface may influence filament
dynamics at the single molecule level.
We observed that two naturally occurring polymorphic variants of RAD51
(RAD51-Q313 and RAD51-K313) behave dramatically different. RAD51-
Q313 nuclei bind statically to ssDNA, with small nuclei bound for a shorter
time than larger ones. RAD51-K313, on the other hand, can slide and hop along
ssDNA. More specifically, we show that RAD51-K313 monomers predomi-
nantly move in a diffusive way, while larger nuclei are more likely to bind stat-
ically to ssDNA. These results indicate that subtle differences in the local
environment of the monomer-monomer interface can have a dramatic impact
on filament dynamics, making this interface a likely target for control by
mediators or post-translational modifications.
In addition, we have analyzed how RAD51-ssDNA filaments respond to
tension. We were able to separate the effects of ATP hydrolysis from filament
disassembly, revealing a force-induced structural change in RAD51-ssDNA
filaments. If exposed to forces above 9 pN, ADP-bound RAD51, naturally in
a compressed state, switches to an extended conformation, resembling the
one active for strand exchange. We reveal that the energy needed for this tran-
sition is between 3 and 4 kBT. Thermal fluctuations can therefore supply suffi-
cient energy to drive this molecular transition, possibly playing a vital role in
strand exchange.
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Srs2 is a helicase and single-stranded (ss)DNA translocase that can dismantle
presynaptic Rad51 filaments in its capacity as an anti-recombinase. However,
the molecular mechanism by which Srs2 accomplishes this remains unclear.
Here we report a single molecule fluorescence study of the dynamics of
Rad51 filament formation on ssDNA and disruption by Srs2. Rad51 forms fil-
aments on ssDNA by sequential binding of primarily monomers and dimers in
a 5’ to 3’ direction. One Rad51 molecule binds 3 nucleotides and six monomers
are required to achieve a stable nucleation cluster. Srs2 exhibits ATP-
dependent ssDNA translocation and repetitive scrunching and this latter activ-ity is exploited to prevent Rad51 filament reformation. The same activity of
Srs2 cannot prevent RecA filament formation, indicating its specificity for
Rad51. Srs2’s DNA unwinding activity is greatly suppressed when Rad51
filaments form on duplex DNA. Taken together, our results reveal an exquisite
and highly specific mechanism by which Srs2 regulates Rad51 filament
formation.
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Although it is known that single-stranded DNA binding proteins can stimulate
helicase activity, the mechanism by which this occurs may be more complex
than sequestering ssDNA products of duplex separation. Here, we present
a single-molecule helicase assay with base-pair sensitivity, which utilizes
high-resolution optical tweezers combined with microfluidics and fluorescence
microscopy to decipher how FacXPD helicase is modulated by FacRPA2.
FacXPD is the archaeal homolog of yeast Rad3 and human xeroderma pigmen-
tosum group D protein (XPD) helicase from the organism Ferroplasma acidar-
manus. This enzyme serves as a model for understanding the molecular
mechanism of human Superfamily 2B helicase XPD involved in transcription
initiation and nucleotide excision repair and related helicases FANCJ, RTEL
and CHLR1 involved in maintenance of the genomic integrity. First, we dem-
onstrated that monomeric XPD unwinds duplex DNA in single base-pair steps,
yet is non-processive, unwinding for short distances (~12 bp) and displaying
a strong dependence on DNA sequence. Second, we investigated how RPA2
by itself interacts with DNA. We showed that RPA2 can unwind duplex
DNA in steps of ~5-8 bp in the presence of an assisting force of 12 pN. Finally,
we examined the effect of RPA2 on XPD activity. Using our microfluidic plat-
form, we performed experiments in which XPD and RPA2 were sequentially
assembled on a DNA substrate in a controlled order. RPA2 increased XPD
processivity. Duplex unwinding occurred in 1-bp steps, indicating that RPA2
is not directly involved in strand separation. Importantly, our data suggest
that only 1-3 RPA2 molecules are sufficient to turn XPD into a processive
helicase. We propose two scenarios. Either RPA2 forms a complex with
XPD, or it alters its interaction with DNA upon binding, activating it for proc-
essive unwinding. We discuss the biological implications of our findings.
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DNA four-way junctions (4WJ) are central intermediates in processes such as
replication and recombination. This project studies how different conforma-
tions of the junction relate to function, and how proteins interact with the junc-
tion to enhance or repress function. Previously, we have examined the 4WJ
structure in the presence of different ions, and used Fo¨rster Resonance Energy
Transfer (FRET) to map the binding site of the protein HU onto the junction. It
was found that in the presence of high salt concentrations the junction is stabi-
lized into a stacked form rather than open form. These FRET measurements
were used to build four different models for the binding of HU protein to the
Holliday Junction, an interaction with a stoichiometry of 2 to 1. This was fol-
lowed by molecular dynamics simulation to ensure that the models were ener-
getically stable. The three stable models included HU bound to the major
groove, minor groove, or face to face. The fourth model, which contained an
open junction, though stable, did not agree with the FRET data acquired for
the system, and was therefore not considered plausible. To distinguish between
these models further FRET measurements are needed to narrow the possible
orientations for HU binding the junction. To address the function of the protein
bound junction, a new, migrating four way junction is being created and char-
acterized. This junction will be analyzed by FRET in the presence of different
ions and possibly HU as well to compare to the characteristics of the stationary
junction used in the previous experiments. We will also be examining the free
energy of both the mobile and immobile junctions by molecular dynamics to
analyze the stability of each construct on their own and when complexed
with HU.
